Abstract In Shark Bay, a large inverse estuary in Western Australia, longitudinal density gradients establish a gravitational circulation that is important for Bay-ocean exchange and transport of biological material such as larvae. The relative contributions of energy from wind and tidal mixing on the control of vertical stratification and gravitational circulation were investigated using the three-dimensional baroclinic ocean circulation model (General Estuarine Transport Model, GETM). In this large inverse estuary, the effects of the winds and tides on vertical mixing were found to be of similar magnitude. A critical depth of 15 m was identified that determined whether winds or tides or a combination of the two was required to create vertically mixed conditions. Where it was shallower than the critical depth, either the wind or tide could fully mix the water column. In contrast, a combination of both winds and tides was required to mix the deeper channels. Density-driven circulation peaked 0-3 days after periods of maximum stratification, resulting in a fortnightly modulation of dense water outflows along the seabed following the tidal stage. Salt flux calculations provided new evidence for the predominance of outflow through the deeper northern entrance channel where outflows persisted through all stages of the tide. In contrast, outflows through the western channel were more intermittent with a stronger tidal component. Wind driven lateral circulation between the entrances was also important and could temporarily reverse the circulation during northerly wind events.
Introduction
The salinity and density of estuaries can be less than (hyposaline), greater than (hypersaline), or equal to the adjacent ocean depending on the balance between freshwater inflow and evaporation. As a result of these differences in salinity, estuaries are characterized by longitudinal density gradients that may drive residual circulation with denser water flowing beneath less dense water under the influence of gravity. This residual flow is known as gravitational, estuarine, exchange, or baroclinic circulation. In estuaries with freshwater input, lighter, fresher water flows offshore at the surface and is replenished by an onshore flow of seawater along the bottom. These are referred to as positive estuaries. Conversely, in estuaries where high rates of evaporation and low rainfall cause the estuary to become more saline, and thus denser than the adjacent ocean, the gravitational circulation may be in the opposite direction with bottom outflow of denser saline water and surface inflow of less saline ocean water. These water bodies are called negative or ''inverse estuaries'' as a result of this reversed density gradient and flow pattern [Pritchard, 1952] .
Inverse estuaries exist at a variety of scales, either permanently or seasonally, in arid and Mediterranean climates throughout the world [see Largier, 2010, for a review] . Historically, these systems have been studied less than estuaries with significant freshwater input and so the relative importance of the gravitational circulation for exchange of water and water-borne material between inverse estuaries and the ocean is not well known [Largier et al., 1997] . Australia's dry climate and relative abundance of high salinity estuaries has motivated several of the more in-depth studies of inverse estuarine hydrodynamics. In Spencer Gulf, South Australia gravity currents are the dominant mechanism for the release of salt accumulated during the summer months Nunes and Lennon, 1987] . Ribbe [2006] and Gr€ awe et al. [2010] investigated circulation and the effects of a drying climate in Hervey Bay, an inverse estuary on the east coast of As all estuaries consist of a longitudinal density gradient, a mean gravitational flow is present irrespective of vertical stratification [Valle-Levinson, 2010] . However, when the system becomes vertically stratified, gravitational circulation intensifies and two-layer sheared flows become evident on shorter time scales [Nunes Vaz et al., 1989] . In inverse estuaries, near bed flows of dense water can pulse out of the estuary during vertically stratified periods Hetzel et al., 2013] . These two-layer ''dense water outflows'' are the focus of this paper, particularly how they are modulated by the tide and wind through the control of vertical mixing.
Vertical mixing by winds and tides acts to break down stratification and ultimately determines the vertical structure of the water column, and thus the strength of the gravitational circulation [Simpson and Bowers, 1981; Simpson et al., 1990] . Since tides and winds are variable in time, the strength of an exchange flow should thus vary. During periods of low mixing energy, the flow intensifies and the water column becomes more stratified. When mixing energy increases, the water column becomes vertically mixed and the outflow weakens [Nunes and Lennon, 1987] . This modulation of density-driven exchange flow has been shown in both laboratory [Linden and Simpson, 1988] and field experiments of inverse estuaries [e.g., Lennon et al., 1987; Lavin et al., 1998 ]. However, the relative importance of the tide and wind in controlling the cycle of stratification and exchange depends on local conditions (i.e., density gradients, basin geometry, wind and tidal conditions) and detailed process studies of these dynamics are still limited in inverse estuaries [Largier, 2010] .
In Shark Bay (Western Australia, Figure 1 ), the arid climate and the general absence of river input cause a persistent state of hypersalinity (and high density) in the inner regions, exceeding 60 ppt in some parts, leading to its classification as inverse estuary [Logan and Cebulski, 1970] . Although the distribution of salinity inside Shark Bay (hereinafter the Bay) and evidence of the release of Bay water into the adjacent ocean has been documented [e.g., Logan and Cebulski, 1970; Smith and Atkinson, 1983; James et al., 1999; Woo et al., 2006] , studies of the density-driven exchange flow have been limited [Burling et al., 2003; Nahas et al., 2005] . Recent field measurements of velocity, temperature, and salinity in Shark Bay showed intermittent stratification and near bed outflows of varying intensity near one entrance channel, indicating that densitydriven exchange flow is a common feature . These field observations indicated that the bottom outflows were inhibited by both wind and tidal mixing, but the effects varied between sites and the observations were not sufficient to fully describe the processes and their interactions across Shark Bay as a whole. These benthic outflows provide a potential larval flushing mechanism that may explain some of the dramatic inter annual variability of a multimillion dollar prawn and scallop fishery [Caputi et al., 1996] .
The present study uses a three-dimensional ocean circulation model to investigate the gravitational circulation and quantify the relative roles of the wind and tide in modulating vertical stratification and the strength of the outflow in Shark Bay. It is proposed that in the shallower areas of the Bay, either the tide or wind can breakdown the vertical stratification, while in the deeper regions the wind and tide must act together to create vertically mixed conditions. winds (mean 8 m s 21 ) blow during the austral summer, but are weaker on average (5 m s 21 ) and more variable in direction during the winter [Burling et al., 1999] . The dry, windy climate combined with the Bay morphology results in hypersaline conditions in the inner regions that persist year-round. Salinity is highest (>60 ppt) in Hamelin Pool due to the restriction of flow over Faure Sill, while in Henri Freycinet Harbour in the Western Gulf (Figure 1 ) salinity levels of 45-50 have been recorded. Density is dominated by salinity and horizontal gradients are quasi steady over the year, but temperatures change seasonally [Logan and Cebulski, 1970] . During summer, the Bay becomes warmer than offshore waters and during winter it becomes cooler, due to convective cooling [Nahas et al., 2005] and the presence of the anomalous warm, southward-flowing Leeuwin Current offshore [Pattiaratchi and Woo, 2009] . Winter longitudinal density gradients are in the range of 0.4 3 10 24 to 0.8 3 10 24 kg m 24 except over Faure Sill where the gradient is much stronger [Logan and Cebulski, 1970] . Shallow areas of the Bay are generally well-mixed and density fronts develop across the entrance channels with their location dependent on tidal current amplitude and water depth [Nahas et al., 2005] .
Shark Bay lies in a transition region between micro diurnal tides in the southwest of Australia and macro semi-diurnal tides to the north [Pattiaratchi and Elliot, 2008] . Tides in the Bay are mixed with a range of around 1-1.5 m and vary between the two gulfs. In the Eastern Gulf, tidal resonance doubles the main semidiurnal constituent, resulting in the tides being mostly semidiurnal in nature with a 50% greater range. The remainder of the Bay experiences mostly diurnal tides with a range of approximately 1 m [Burling et al., 2003 ]. 
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Maximum tidal current speeds are in the range of 0.5-1 m s 21 [Nahas et al., 2005] . In diurnal dominated systems, the declination of the moon above and below the equator controls the tidal amplitude rather than the lunar phase, as is the case in a semidiurnal system. The highest range occurs when the lunar declination is maximum-a tropic tide that is equivalent to a spring tide in a semidiurnal system. The lowest tidal range occurs when the moon is aligned with the equator-an equatorial tide analogous to a neap tide. To be consistent with previous work, hereinafter spring/neap stages of the tide are referred to as tropic/equatorial-the appropriate terms for a diurnal dominated system [O'Callaghan et al., 2010; Hetzel et al., 2013] .
Methods
Model Description
The General Estuarine Transport Model (GETM) [Burchard and Bolding, 2002] was used to simulate the winter circulation and the cycle of stratification and mixing in Shark Bay under realistic and idealized forcing conditions. GETM is a three-dimensional baroclinic ocean circulation model with hydrostatic and Boussinesq assumptions [Burchard and Bolding, 2002; Burchard et al., 2004] , which analogous to the present study, has been successfully applied to semienclosed coastal water bodies with near bed flows of dense water [Burchard et al., 2007; Hofmeister et al., 2011] . GETM is coupled with the General Ocean Turbulence Model, which provides access to a range of state of the art turbulence closure models to account for vertical mixing processes [Burchard and Bolding, 2002; Umlauf and Burchard, 2005] . In this application, the j-e model was coupled to a second-moment closure by Cheng et al. [2002] [see Umlauf and Burchard, 2005] .
The model domain extended 300 km in the alongshore direction and 150 km in the cross shore, covering the entire Bay and adjacent waters out onto the continental shelf. The model used a 400 3 240 sphericalcurvilinear horizontal grid with a horizontal resolution ranging from 400 to 2000 m. Twenty vertical sigmacoordinate layers were used which provided a vertical resolution of 0.5 m for 10 m depth in the center of the Bay (Figure 1b) . Throughout the Bay, layer thicknesses were less than 1 m and were therefore sufficient to fully resolve flows near the bed. The curvilinear grid allowed for finer spatial resolution within and near the entrances to the Bay to better resolve exchange processes, and coarser resolution toward the outer boundary. A linear equation of state was used to describe increasing density with decreasing temperatures and increasing salinity, even for hypersaline conditions.
The outer boundary was forced with hourly tidal elevations predicted with the TPXO 7.2 global tide model [Egbert and Erofeeva, 2002] that were adjusted slightly (31.1) to match the observed water levels. Daily temperature and salinity from publicly available (1/128 resolution) hindcasts of the Hybrid Ocean Coordinate Model (HYCOM) [George et al., 2010] were also applied. A simplified southward-flowing mean Leeuwin Current of 0.11 m s 21 was also included as a sea surface height gradient with velocities that matched the corresponding mean velocity from the HYCOM model for June-July 2009. This value is similar to that used in previous studies where the velocity was derived from long-term measurements [Burling, 1998; Nahas et al., 2005] . Meteorological data (wind, temperature, humidity, and dew point) from the Australian Bureau of Meteorology weather station at Shark Bay Airport ( Figure 1) were extrapolated across the model domain, and these data were used to calculate heat fluxes implicitly within the model. The low-lying surrounding topography [Logan and Cebulski, 1970] and large-scale weather systems influencing the area implies that weather conditions at Shark Bay Airport are representative of the region, an assumption confirmed by comparison (not shown) with weather station data from Carnarvon ( Figure 1 ). Precipitation was not included as only 64 mm of rainfall were recorded over the four months of the model hindcast simulation and the two rivers draining onto Shark Bay remained dry.
The model was allowed to spin-up over 2 months (April-May 2009). The initial water temperature for 1 April 2009 at all depths was derived from 1 km MODIS satellite sea surface temperature imagery (http://oceancolor.gsfc.nasa.gov/) and ranged from 26 to 288C over the domain. During the spin-up period, the shallow Bay waters cooled due to the net surface heat fluxes until the temperature structure of the Bay stabilized in line with the field observations. Over this period semicircular temperature fronts developed at the entrances, slightly inshore of the 20 m depth contour similar to the fronts described by Nahas et al. of Cape Peron (Figure 1 ). The salinity distribution prescribed was similar to that used in previous studies [Burling, 1998; Nahas et al., 2005] . The model used the meteorological forcing to calculate evaporation internally. Over the 2 month spin-up period the salinity throughout the Bay adjusted itself to closely resemble the winter salinity structure of the Bay as defined by Logan and Cebulski [1970] .
The model simulated conditions during the austral winter of 2009 (June-August) (Run 1) and the hourly output was validated against field measurements of water levels, velocity, and temperature . Subsequent simulations of July 2009 (Table 1) were initiated using ''hotstart'' files from Run 1 with modified wind forcing applied from 1 July 2009. The simulation with no wind forcing (Run 2) allowed us to investigate the effects of tidal mixing alone and the differences between Run 1 (observed forcing) and Run 2 (no wind) represented the influence of wind on stratification. An enhanced wind forcing scenario (Run 3) was used to determine the wind mixing energy required to fully mix the deeper areas of the Bay. Constant wind forcing scenarios from the north (northerly) and the south (southerly) (Runs 4 and 5, respectively) were used to assess vertical mixing of the water column to a lesser extent as the hydrographic structure of the Bay was more likely to be modified due to wind-induced surface currents and elevation gradients, than to mixing. However, these runs were useful to identify residual circulation patterns due to wind, to determine the effects of wind direction on water exchange through the two entrance channels, and to indirectly assess the stratification near those entrances.
Model Validation
The field data used for model validation were collected from 25 June to 23 July 2009 and included measurements from: acoustic Doppler current profilers (ADCP) at two moorings, a thermistor chain measuring temperature stratification, a cross-shore CTD transect of density profiles in Naturaliste Channel, and moored temperature and pressure sensors at Denham Sound and Monkey Mia (Figure 1 ). Measured water levels and temperatures were compared at three sites: Denham (DEN), Monkey Mia (MM), and the main mooring site (MOOR 1) in Naturaliste Channel. Depth averaged current velocities were compared with ADCP data from MOOR 1 and the further offshore moored ADCP at MOOR 2 (Figure 1 ). MODIS 1 km L2 satellite-derived sea surface temperature data (http://oceancolor.gsfc.nasa.gov/) were also compared with the model output.
A quantitative comparison between the model hindcast (Run 1) and the observations used the measure of ''model skill'' [Warner et al., 2005] from Wilmott [1981] . Model skill is defined as:
where X is the variable being compared to the time mean indicated with the overbar. Perfect agreement between model and observation would yield a value of 1 and complete disagreement would give a value of zero. Model skill was calculated for all available time series variables.
This comparison indicated that the model captured the major processes affecting circulation and the cycle of stratification with skill values exceeding 0.95 for water levels, 0.65 for velocity, and 0.64 for temperature stratification (Table 2 ). Temperatures were 
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slightly underestimated in the shallow waters at Monkey Mia (MM) and Denham (DEN) although the pattern of variability was similar at both sites. Temperature was better reproduced at MOOR 1 (Table 2 ; column 4).
The model adequately reproduced the major tidal processes as shown through a comparison of the magnitude of the tidal constituents derived through harmonic analysis [Foreman, 1977] using T-Tide ( Figure 2 ) [Pawlowicz et al., 2002] . Water levels were compared at all four sites (MOOR 1, MOOR 2, DEN, MM) and the major-axis current ellipses were compared at the ADCP mooring sites (MOOR 1 and MOOR 2). The major diurnal (K 1 , O 1 ) and semidiurnal (M 2 , S 2 ) constituents explained >95% of the sea level variance, and overall the model accurately predicted the tidal water level variability (at all four sites; Figure 2a ) and tidal current velocities at the two mooring sites ( Figure 2b ). In general, there was minimal bias, although the major semidiurnal M 2 was slightly underestimated in the Eastern Gulf at Monkey Mia (Figures 2a and 2b ).
The general temperature stratification cycle over the tropic-equatorial cycle was reproduced in the model at MOOR 1 ( Figure 3 and Table 2 ), with the strongest temperature stratification event (3-10 July) in close agreement (DT surface-bottom 5 28C). Although there were some differences between the model and observations, the model appeared to capture the dominant cycle of stratification-destratification due to the tropicequatorial tidal cycle that is the focus of this paper. The discrepancy with the timing and magnitude of the stratification event around 19 July was likely due to differences in the location of the front.
Comparisons between the model and CTD transect ( Figure  4 ) showed the hydrographic structure compared reasonably well with the model having a slightly stronger horizontal density gradient and an offset in the location of the front by about 10 km. In the model, cooler 
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more saline water extended further west from Cape Peron compared to the observations, perhaps owing to a slight cool bias of the model. The location of the front is sensitive to the bathymetry, however, in this remote area measurements are sparse and the model bathymetry in Naturaliste Channel is likely smoother than reality, allowing for a broader range of movement of the predicted front location. This could explain some of the differences in stratification between observations and the model. Another factor that is largely unknown is the influence of the southward-flowing Leeuwin Current on the intrusion of the front. Unfortunately, the CTD transects were not measured during dense water outflow events ( Figure 4 ) and as a result the comparison is limited to the mooring site and the magnitude of the temperature stratification. There were no salinity time series data available from the moorings, but 2011 moored profiles of temperature and salinity in Geographe Channel [Hetzel, 2013] showed that although density was dominated by salinity, temperature could also be used as a proxy to estimate vertical density stratification. This was because the dense water outflows were consistently 1-28C cooler than intruding surface waters and salinity values were 1 higher near the bottom during vertically stratified conditions [Hetzel, 2013] .
The differences were deemed to be acceptable, as it appeared that the model captured the important processes and spatial structure. In the absence of more observations for comparison it would not make sense to further tune the model to try to match a single CTD transect. The frontal structure in both channels closely matched with the satellite observations ( Figure 5 ) and showed the same cool bias of the model in the shallow inner regions of the Bay. Salt flux calculated from the model compared favorably with a simple estimate of salt accumulation/loss based on total evaporation from the Bay indicating that exchange between Bay and ocean was reasonably represented in the model. Fluid lost through evaporation must be replaced by oceanic inflow. Since this water also brings in salt, and the salinity regime from year-to-year is mostly stable, it can be assumed that the corresponding mass of salt that accumulates must be balanced by the export of salt through the entrance channels. The average evaporation rate of 2 m yr 21 over an area of 1.3 3 10 10 m 2 (the surface area estimated from aerial photography) would require that 2.6 3 10 10 m 3 of oceanic water enter the Bay over the year. This would yield an input of 9.1 3 10 11 kg yr 21 when multiplied by an oceanic salinity of 34.8, the equivalent to a salt flux of 2.9 3 10 4 kg s 21 which is of the same order of magnitude as that calculated from the numerical model, 2 3 10 4 kg s 21 .
Analytical Methods
Tidal residual currents were estimated as the 31 day mean (July 2009) for the surface and near-bed model bins. Residual velocity errors arising from varying layer thickness were less than 0.01 m s 21 throughout the Bay. This represented the typical winter circulation regime when winds were variable in direction and the horizontal density gradients were established. Salinity was used as a proxy for density to illustrate the transport of dense water from the inner regions out of the Bay as density was dominated by salinity [e.g., Logan and Cebulski, 1970; see also section 2.2]. 
. Potential Energy Anomaly
The strength of the vertical stratification was quantified using the potential energy anomaly (U), a measure of energy per unit volume required to fully mix the water column [Simpson and Bowers, 1981] :
based on the depth-averaged density defined as,
where g is the gravitational acceleration, z is the vertical (1) height above the seabed, h is water depth, and q(z) is the density profile calculated from profiles of temperature and salinity. The potential energy anomaly U is zero when the water column is fully mixed and increases as the water column becomes more stratified.
To relate the strength of the stratification to the effects of wind and tidal mixing, wind speed cubed (|W 3 |) and bottom current speed cubed (|U b | 3 ) were used as proxies for the mixing energy input from turbulence contributing to the vertical mixing of the water column [e.g., Simpson and Bowers, 1981; Nunes Vaz et al., 1989; Wiles et al., 2006] . The actual mixing energy (from wind and tidal stress) that contributes to changing the potential energy of the water column is only a fraction of the total energy imparted to the water column and can be estimated by including various drag coefficients and mixing efficiencies that vary depending on stratification [Simpson and Sharples, 2012] . However, the calculation of a rigorous energy budget is not the focus here.
Salt Flux
Salt fluxes were calculated at the major entrance channels to quantify Bay-ocean exchange and investigate the relationship between stratification and the export of water and salt from the Bay. Subtidal salt fluxes were calculated across Naturaliste (including smaller South Passage and following the model grid) and Geographe Channel cross sections and were decomposed following the Eulerian method described by Lerczak Figure 5a were very shallow mudflats that were dry and excluded from the model calculations to avoid instability. The higher satellite SST values in Figure 5b near the eastern coast were likely not trustworthy due to their proximity to land and/or near dry depths. 2015JC010733 et al. [2006 and applied to numerical models [MacCready, 2011; Aristiz abal and Chant, 2013] . This allows the total salt flux to be divided into its river, exchange flow, and tidal flux components. In the case of Shark Bay, where there is negligible river input the ''river'' flux term is a more general advective flux term that can be related to estuarine volumetric changes due to, for example, changing offshore sea levels. The total along channel salt flux F s through a cross section is calculated as:
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where h i is a tidal lowpass filter, v is the along channel velocity, s is salinity, and A is the area of integration which is divided up into its differential elements dA, which vary tidally. To isolate the contributing processes velocity, salinity, and salt flux were separated into three parts: (1) sectionally averaged and tidally averaged, (2) sectionally varying and tidally averaged, and (3) the sectionally and tidally varying residual. The tidally averaged area properties are given by:
The sectionally varying and tidally averaged velocity and salinity are calculated as:
In a classic (positive) estuary, v 0 typically is related to the river flow volume flux Q R , with Q R 52v 0 A 0 where v is positive into the estuary. In a system such as Shark Bay with negligible river input, Q R may vary with changes in sea level related to meteorological forcing, set up due to boundary currents, or other remote forcing such as continental shelf waves. The sectionally varying, tidally averaged velocity and salinity terms related to the estuarine exchange flow are given by:
The spatially and tidally varying terms are:
v t 5v2v 0 2v e ; s t 5s2s 0 2s e
The total along channel salt flux can then be divided into three parts:
Þs 0 1s e 1s t ð Þ dAi
where the extra terms that are mostly uncorrelated by definition have been eliminated [MacCready, 2011] . For all terms, negative values represent transport out of the Bay.
Results
Mean Circulation and Salinity Distribution
Under measured wind forcing (Run 1, Figures 6a and 6b) , the residual circulation indicated a typical inverse estuarine two-layer flow structure, with surface inflows and bottom outflows through both channels. A weak residual northward bottom flow was present through the center of the Bay (north of Cape Peron), while at the surface the main area of northward flow was offset to the west, closer to Dorre and Bernier Islands. Weak southward residual surface currents occurred along the eastern half of the Bay. Common to all model runs was a region of converging currents along the central axis of the bay north of Cape Peron.
With wind forcing turned off in the model (Run 2, Figures 6c and 6d) , the pattern was much the same, with slightly weakened outflow through Geographe Channel and stronger surface currents near Cape Peron, perhaps due to enhanced gravitational circulation resulting from the exclusion of wind. bottom outflow through Naturaliste Channel, and nearly shut down the outflow at all depths in Geographe Channel.
Cross-channel sections of the residual flows during equatorial tides ( Figure 7 ) revealed a stronger, broader two-layer flow through Geographe Channel (north) as compared to Naturaliste Channel (west). In the western half of Geographe Channel, the outflow covered the lower 50% of the water column with mean velocities exceeding 0.15 m s 21 over this 3 day period of enhanced flow (Figure 7a ). Weaker surface inflow (<0.10 m s 21 ) overlaid the outflow. In the shallower eastern half of the cross section, the inflow was relatively weak (<0.05 m s 21 ) and more uniform with depth.
In Naturaliste Channel, the weaker (0.10 m s 21 ) and narrower (10 km) region of intense outflow showed less of a two-layer structure. However, the structure varied laterally with stronger subtidal inflows of up to 0.15 m s 21 near the northern tip of Dirk Hartog Island and the southern tip of Dorre Island (Figure 7b ). In the cross-channel section at Naturaliste Channel, the main outflow did not appear to flow through the deepest part of the channel (Figure 7b ). This can be attributed to the topographic restriction caused by a shallower north-south ridge located to the east of the transect (see Figures 1 and 4) .
The residual outflow of higher salinity water followed well-defined pathways northward from the inner Bay along the seabed (Figure 8a ) with velocities of 0.05-0.10 m s 21 (Figure 8b ). Salinity levels decreased with 
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distance from the inner Bay to 36 by the time the water reached the entrances of the Naturaliste and Geographe Channels. Two main pathways were defined. Water from the Western Gulf flowed through Naturaliste Channel, while most of the water from the Eastern Gulf flowed north through the center of the Bay to exit through Geographe Channel. In both instances, the outflows were constrained along the western sides of the channels due to the effects of channel bathymetry. North of Cape Peron, where the two gulfs merge, some of the high salinity water from the Eastern Gulf diverged from the main pathway and joined with the pool of dense water in the northern portion of the Western Gulf around site DD. Salinity values greater than 40 were restricted to regions south of Naturaliste Channel (25815 0 S) in both gulfs. Although salinity in Hamelin Pool was higher (60) than in Henri Freycinet Harbour (45), the longer distance along the Eastern Gulf meant that the longitudinal density gradients along both arms of the outflow pathways were similar (0.5 kg m 24 ).
Vertical Stratification
To demonstrate the relationship between tides, wind, and the vertical density structure throughout the Bay, the vertical stratification (as measured by the potential energy anomaly U) was compared between 3 day periods including: weak tidal forcing (15-17 July) with and without wind (Figures 9b and 9d) and; strong tidal forcing (23-25 July) with and without wind (Figures 9c and 9e ).
In the model runs without wind forcing, under weak tidal forcing (Figure 9b ) stratification developed in all areas of the Bay where the water depth exceeded 10-12 m. Strongest stratification developed in the deepest areas around sites DD (19 m depth) and GEOG (29 m depth). Areas shallower than 10 m were vertically mixed by tidal action alone. Increased tidal forcing (Figure 9c ) caused the well-mixed regions to expand to depths up to approximately 15 m, with the exception of the far inner region where tidal mixing was damped due to low current speeds.
The inclusion of observed winds caused the depth threshold for vertical stratification to deepen to >12 m when tidal currents were weak ( Figure 9d ) and >19 m when stronger tidal currents coincided with stronger winds (Figure 9e ). Most of the Bay became vertically well-mixed when strong tidal currents combined with relatively strong winds. Only two small deep areas remained vertically stratified around sites DD (19 m depth) and GEOG (29 m depth) (Figure 9e ).
Time series of the potential energy anomaly (U) for the whole model run (July 2009) were extracted for the three locations (DD, MOOR 1, and GEOG) identified in Figure 9 under three different wind forcing Figure  10 ). The variance of U under these scenarios indicated that tidal mixing, wind mixing, and the water depth all played critical roles in the modulation of the vertical stratification. The differences between tide-only runs and wind 1 tide runs allowed us to separate effects of tidal mixing from wind and determine the critical depth where stratification was broken down due to mixing. The three wind forcing conditions are discussed in the subsections below. For each run, the wind forcing (wind mixing energy), dependent on |W 3 |, is shown in Figure 10a and the tidal velocity (tidal mixing energy), dependent on |U b 3 |, is shown in Figure   10b with U for the three sites presented in order of increasing depth at 15, 19, and 29 m (Figures 10c-10e ), respectively.
No Wind
At MOOR 1 (15 m depth), U was modulated by tidal stage with a clear fortnightly signal (Figure 10c ) with maximum U values of 20 J m 23 . During the intervening period the water column became fully mixed for periods of 2-3 days within 1-3 days of the occurrence of maximum current velocity. The water column was again vertically stratified when the tidal currents decreased to premixed levels. This indicated that at depths of 15 m or less, tidal mixing alone was sufficient to mix the water column during the tropic tides. At sites deeper than 15 m (Figures 10d and 10e) , the tide alone did not fully mix the water column, but only weakened the vertical stratification by approximately 40-50%. At DD (19 m depth; Figure 10d ), U also followed a fortnightly signal but the timing of the min/max levels of stratification lagged at the shallower site by 4-5 Figure 10e ), the pattern was slightly modified with the max value of U occurring around 17 July.
Observed Wind
Under the observed wind conditions, the value of U decreased by approximately 50% with all areas becoming fully mixed when strong tidal currents coincided with wind events greater than 7-10 m s
21
. At MOOR 1 . At DD and GEOG (Figures 10i and 10j ) stratification was nearly constant, with a fortnightly modulation unclear. At these two sites there was only one short fully mixed period around 21 July due to a combination of strong tidal currents (U b 0.35 m s
) and higher winds (10 m s
). This indicated that while areas <15 m depth could be mixed by either the tide or wind, the deeper areas required winds of at least 10 m s 21 to coincide with strong tidal velocities to provide fully mixed conditions. 3.2.3. Enhanced Wind (Observed 3 1.5) Under the enhanced wind conditions, the Bay could become fully mixed at all depths. At MOOR 1 in 15 m water depth (Figure 10m ) U was near zero during the simulation period. At site DD with 19 m depth ( Figure  10n ) the well-mixed periods coincided with wind speeds of approximately 10-12 m s 21 (e.g., 11-20 July). At the deepest site in Geographe Channel (Figure 10o ), vertically mixed conditions occurred for around five days (e.g., 16-21 July) when peak wind speeds exceeded 12-14 m s 21 at times, but the water column restratified when tides weakened after 21 July despite wind speeds remaining above 10 m s 21 .
Modulation of Dense Water Outflows by Tidal Mixing
The cycle of vertical stratification and destratification described in Figures 9 and 10 was associated with a modulation of dense water outflow from Shark Bay, as well-mixed conditions inhibited density-driven flows. Along-channel 3 day mean vertical salinity sections for Naturaliste and Geographe Channels and corresponding subtidal velocity profiles (Figure 11 ) showed two different scenarios over the tropic/equatorial cycle (refer to Figure 10g for estimates of tidal velocities). During the transition from weak (equatorial) (Figures 11a and 11d) to strong (tropic) tidal forcing (Figures 11b and 11e) , the vertical stratification and along channel subtidal velocity (Figure 11c ) weakened in both channels. The outflow of higher salinity Bay water was nearly shut down in Naturaliste Channel when tidal mixing increased, as evident through the trapping of salinity greater than 35.6 (Figure 11b ). In contrast, the dense outflow persisted out of Geographe Channel, with salinities of 36 extending out of the Bay regardless of tidal stage (Figure 11e ). Although the subtidal flow velocity weakened slightly during tropic tides in Geographe Channel the weaker stratification allowed for the thickening of the offshore-directed bottom flow (Figure 11c ).
Turbulent Kinetic Energy
Another way to visualize the source of mixing that leads to destratification is to examine a time series profile of turbulent kinetic energy (TKE) extracted from model Run 1 with realistic wind forcing at site MOOR 1 ( Figure  12 ). Wind-induced turbulence originates at the water surface and propagates downward, while tide-generated turbulence originates at the seabed and propagates upward into the water column. Hence, increased levels of TKE near the surface are due to wind action, while those near the seabed are due to tidal action. This was evident in Figure 12 where peaks in |U b 3 | ( Figure 12c ) aligned with high values of TKE rising from the bottom, and Figure 11 . Along-channel 3 day mean slices of salinity from model Run 2 (No wind) showing the modulation of the dense water outflows through Naturaliste and Geographe Channels for (a and d) equatorial (weak) tides and (b and e) tropic (strong) tides. Salinity contours are drawn at intervals of 0.1. Three day mean velocity profiles are shown in Figure 11c corresponding to the weak (dashed) and strong (solid) tidal periods shown in the salinity cross sections. Velocity profile locations are with arrows and were chosen for similar bottom slopes in the two channels. (Figure 12a ) aligned with the spikes extending downward from the surface. The areas of low TKE in the mid water column (3-5 July and 13-18 July) marked the density interface when the water column was stratified (Figure 12d ). When the TKE from either the surface or the bottom extended over the entire water column, the water column was vertically mixed. This occurred due to either intense wind or tidal velocities, or to the combination of the two with the TKE from both surface and bottom joining in the mid water column. The high levels of TKE along the bottom from 10 to 12 July, with low levels near the surface, indicated that the destratified conditions were due to tidal mixing alone. The event on 20 July was an example of the combined effects of wind and tidal mixing. From 25 to 27 July bed-generated TKE decreased, whilst high levels of TKE near the surface persisted (Figure 12) . The ability for turbulence to propagate through the water column is somewhat dependent upon stratification since it is easier for wind/tidal mixing energy to span the water column during mixed conditions (e.g., 10-12 July). However, this effect appears to be secondary.
Salt Fluxes
The salt fluxes calculated through the two main entrance channels confirmed the fortnightly modulation of outflow ( Figure 13a , dashed lines). This modulation was particularly apparent for the model run with no wind forcing where maximum net flux of salt (net F S , Figure 13a , thick black line) out of the Bay occurred 3 days after tidal currents were at a minimum ( Figure 13e ) and stratification at a maximum (Figure 13c ). In general, the total salt flux (F S ) was into the Bay through Naturaliste Channel and out of the Bay through Geographe Channel, with maximum rates of approximately 5 3 10 4 kg s 21 and minimum flux near zero (Figure 13a , dashed lines). The mean net flux (Geographe 1 Naturaliste) was directed offshore with a value of approximately 22 3 10 4 kg s 21 (Figure 13a , black line). The advective salt flux term (F 0 ) closely followed F S suggesting that an important component of exchange was related to subtidal volume changes in the Bay (Figure 13a , dashed versus thin lines). There was some covariation between F S and subtidal water level variability (Figures  13a and 13d ; blue and red lines) but the relationship was not very clear at the two entrance channels with a time lag between the subtidal water level peaks and the maximum rates of salt flux.
The estuarine exchange component of the decomposed salt flux that corresponded to the dense water outflows (F E , Figure 13b , thick lines) varied over the tropic-equatorial (spring/neap) cycle (Figure 13b versus 13c) as did the tidal oscillatory (tidal pumping) component of the salt flux, F T (Figure 13b , thin lines). Both F E and F T ( Figure 13b ) were a factor of 10 smaller than F 0 but were a critical component for the export of dense water from the inner gulfs. These terms were mostly directed offshore through the entire simulated month (Figure 13b , negative values) and closely followed the cycle of vertical stratification with maximum salt loss due to F E _of approximately 22 3 10 4 kg of salt s 21 occurring during (in Geographe Channel), or slightly lagging (by 3 days in Naturaliste Channel) periods of maximum stratification and weak tidal currents. Although the magnitude of F E was similar between the channels (Figure 13b , thick lines), F E for Geographe Channel was steadier, coincident with the sustained vertical stratification through this deeper channel. F E in Naturaliste Channel showed a much more pronounced tropic-equatorial cycle that followed the more variable stratification there (Figures 13b and 13c , thick red lines). During the strongest period of outward F E in Geographe Channel, F E became temporarily positive (into the Bay) in Naturaliste Channel.
For both channels F E exceeded F T ; however, the ratio between them varied between the two channels. Overall the tidal oscillatory salt flux (F T ) was 8-10 times higher in Naturaliste Channel compared to Geographe Channel (Figure 13b , thin lines). For Geographe Channel, the value of F T was about 10% that of F E . For Naturaliste Channel the ratio increased to 30%, indicating that some form of a tidal pumping mechanism was important in the western channel with the more complicated, shallower bathymetry. Maximum rates of F T occurred in the lead up to the tropic tidal stage when the tide was mostly diurnal with a long ebb (e.g., 4-8, 20-22 July). Minimum (near zero) estimates of F T occurred during equatorial tides when the tidal range was lower and mostly semidiurnal.
Salt flux variability increased when wind forcing was included in the simulation, somewhat masking the relationship between the fluxes, stratification and tidal stage (Figure 14) . The total salt flux F S (Figure 14a , dashed lines) oscillated between positive and negative values (in/out) for both channels, related to wind events. Northerly winds (e.g., 8-9 July, 14-16 July) caused net flux inward through Geographe Channel and out through Naturaliste Channel whilst west or south winds (e.g., 19-22 July) enhanced outward flux through Geographe Channel. Strong outflow events did not necessarily coincide with vertical stratification (e.g., 20 July; Figure 14 ) suggesting that barotropic, in this case wind-induced, forcing also played a critical role for the flux of salt through the two channels.
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Discussion and Conclusions
In Shark Bay, both wind and tidal mixing regulated the vertical stratification during the winter study period.
In the areas of the Bay shallower than the critical depth of 15 m 6 5 m either wind or tidal action was sufficient to completely mix the water column, whilst in the deeper channels the combination of strong wind and tidal mixing was necessary. Associated with changes in stratification was a corresponding change in 
Vertical Stratification
Four different situations described the state of stratification in Shark Bay based on the individual and combined contributions from wind and tidal mixing (e.g., Figure 12 ). The four scenarios were identified using predicted turbulent kinetic energy (TKE) at 15 m depth as follows:
1. Well-mixed: High levels of TKE throughout the water column originating at the surface due to winds (e.g., 20 July). 2. Well-mixed: High levels of TKE throughout the water column originating from the bottom due to tides (e.g., 22 July), 3. Well-mixed: Combined surface and bottom generated TKE spanning the entire water column due to the combination of winds and tides (e.g., 29 July). 4. Stratified: Either surface or bottom TKE extending over only half (or less) of the water column, (e.g., 4 July (bottom) or 14 July (surface)). 
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Although this analysis is valid for Shark Bay, these results are most likely applicable to other regions that experience horizontal density gradients (stratifying influence) together with relatively weak tidal currents and moderate to strong winds such that they are neither wind nor tidally dominated. Knowledge of the critical depth allows for improved predictions of when and where stratified conditions and increased transport of hypersaline water will occur given only wind speed and tidal predictions.
Residual and Enhanced Outflow
The longitudinal density gradient in Shark Bay induced a typical inverse estuarine gravitational circulation pattern with surface inflow and bottom outflow through the two main entrance channels. The main offshore transport of dense water followed two pathways along the western side of each of the gulfs due to bathymetry. Vertical mixing processes modulated the strength of the residual flow and the time scales over which it occurred. At one extreme, when vertical mixing levels were high, the bottom outflow only existed as a longterm mean over many tidal cycles. However, between 0 and 3 days after periods of reduced vertical mixing the gravitational circulation intensified and a two-layer flow structure was present on shorter timescales. These ''dense water outflow'' events indicated greater potential for efficient exchange between Bay and ocean.
Varying Flow Between Channels
The residual flow out of the northern Geographe Channel had more persistent and intense outflow velocities when compared to Naturaliste Channel. This could be attributed to bathymetry differences. Geographe Channel has depth >20 m and slopes evenly out of the Bay with no obstructions to flow. In contrast, the Western Gulf and Naturaliste Channel are shallower and more uneven with a max depth of <20 m and a small sill across much of the channel (Figure 1 ).
Increased tidal forcing shut down the outflow in Naturaliste Channel (depth <15 m) but only slightly weakened the flow out of Geographe Channel (depth >15 m) (Figure 11) . Thus, the model predicts that in Geographe Channel, under typical winter wind conditions (<10 m s 21 ), the dense water outflow persists throughout the tropic/equatorial tidal cycle. This was consistent with field measurements showing intermittent outflows from Naturaliste Channel and persistent stronger flow out of Geographe Channel during the winter months [Hetzel, 2013] . Previous hydrographic surveys [James et al., 1999; Woo et al., 2006] also showed a stronger high salinity signature in the shelf waters outside Geographe Channel qualitatively similar to the model simulations. Variable outflow through Naturaliste Channel still appeared to be locally important as it was the main release point for hypersaline water originating in the Western Gulf.
In addition to mixing effects on stratification, wind-induced currents caused significant changes to residual circulation patterns with advective flushing between the channels evident. Under the constant wind forcing scenarios, the residual circulation was dominated by wind at all depths. Southerly winds enhanced outflows through Geographe Channel and caused inflow through Naturaliste Channel at all depths. In contrast, northerly winds retarded the outflow through Geographe Channel and strengthened the outflow through Naturaliste Channel. This relationship was confirmed by comparing net flux estimates from the model with observations from Naturaliste Channel [see Hetzel et al., 2013 , Figure 8e and 8f as compared to Figure 14 shown here]. Peak (negative) values of net flux (net F S ) out of Naturaliste Channel corresponded to events where offshore-directed currents extended over the water column during a northerly wind event (e.g., 13-16 July 2009). The reverse was also true (e.g., 21 July) during strong southerly winds. Because winds vary seasonally we can expect that during the spring and summer (October-March) strong winds will play a more dominant role for exchange.
Salt Fluxes
For this July study period, the estimated net salt flux was out of the system at a rate of 2 3 10 4 kg s
21
. The flux was the same order of magnitude for the runs with and without wind forcing; however, there was an 10% increase in salt export (2 3 10 4 versus 2.2 3 10 4 kg s 21 ) for the run without wind. Including wind in the simulation caused the flux to be more unsteady and alternate between positive and negative values ( Figure 14) .
In section 2, we proposed that the enhancement of the gravitational circulation that coincided with vertically stratified conditions and low turbulent mixing rates provided an efficient mechanism for export of high salinity water from the Bay. An important question therefore is whether the net exchange rates reflect this and, more specifically, the relation of exchange rates to stratification and the extent of control by the Linden and Simpson [1986] mechanism. In the simulation with only tidal forcing, the salt flux out of the Bay Journal of Geophysical Research: Oceans 10.1002/2015JC010733
clearly followed the fortnightly modulation of turbulence and stratification confirming the importance of the Linden and Simpson [1986] mechanism ( Figure 13 ). In Naturaliste Channel maximum outward flux of salt occurred 3 days after maximum stratification (F E correlation 5 20.68) while in Geographe Channel outward flux was more steady and concurrent with enhanced stratification (F E correlation 5 20.97) (Figure 15 ). Studies of other estuaries have shown that passing weather systems can change the water level and induce flushing events through setup of water levels [e.g., Gale et al., 2007; Lerczak et al. 2006] . In Shark Bay, the advective salt flux term F 0 (equation (8)) that is related to subtidal volume changes was calculated to be an order of magnitude greater than both the tidally oscillating (F T ) and the estuarine exchange (F E ) terms even without wind forcing ( Figure 13 ). It is unlikely that air pressure alone would cause this variability so there must be some other mechanism driving the salt flux. The low pass subtidal filtered water levels at four locations (entrances and inner Bay; Figure 16 ) showed a distinct fortnightly cycle that may provide an explanation.
A low frequency process that occurs at this time scale is spring tidal pumping (STP) [Hinwood et al., 2005; Gale et al., 2007] , an increase in mean sea level in a lagoon or estuary during spring tides. This can occur in shallow estuaries where the cross sectional area varies significantly with depth causing the ebb tide to flow through a smaller cross section thus restricting flow out of the system.
The bathymetry of Hamelin Pool, where a deep narrow channel cuts through the shallow Faure Sill, creates ideal conditions for STP to exist. Enhanced fortnightly water level variability in Hamelin Pool suggests that STP could be an important mechanism for exchange ( Figure 16 ). However, a detailed investigation of these dynamics is beyond the scope of this paper. More field measurements of current velocity and water levels in the inner gulfs as well as the entrance channels would help to confirm whether this is an important process for exchange in Shark Bay.
The model results confirmed the dominance of outflow through the northern channel compared to the western channel where influx of water (and salt) occurred. The breakdown of the salt flux into its tidally oscillating (F T ) and estuarine exchange (F E ) terms showed that whilst the exchange term F E dominated in both channels, F T was approximately 30% of F E in Naturaliste Channel perhaps related to the more complicated bathymetry. The findings are in agreement with observations that showed more variable flow out of Naturaliste Channel and more steady flow out of Geographe Channel [Hetzel, 2013] . The inclusion of wind into the simulation complicated the interpretation of the relation between fluxes and stratification, and highlighted the importance of wind in determining the magnitude and direction of fluxes through the main channels. Although the large values for the advective salt flux component (F 0 ) might infer that the exchange component (F E ) is less important for the overall salt flux, F E is likely still critical for flushing of the inner Bay that is the source of dense water.
Comparisons to Other Inverse Estuaries
The description of the cycle of stratification and control of dense water outflows by wind and tidal mixing in Shark Bay provides an example of the roles of winds and tides in determining residual circulation patterns in coastal water bodies with inverse density gradients. In other similar systems where the hydrodynamics been documented either large tides dominate, such as in the Upper Gulf of California, Mexico [Lavin et al., 1998 ]; or shallow depths cause the wind to dominate, as is the case in Laguna San Ignacio, Mexico [de Velasco and Winant, 2004] . The combination of relatively small tidal amplitude and strong wind in Shark Bay have made it an ideal location to study the effect of both tide and wind mixing on stratification and density-driven circulation.
The major South Australian Gulf studies found that the water column stratified when tidal forcing and wind were weak, and that these periods were accompanied by predictable intensifications of dense water flow out of the estuaries Nunes and Lennon, 1987] . The same mechanism was found to occur in Shark Bay with subtle changes due to differences in depth and tidal regime as well as greater influence by wind. It is clear from this investigation that knowledge of the vertical mixing processes, from both tides and winds, is critical to understand the variability in dense water outflows and through this mechanism exchange between inverse estuaries and the ocean.
